Amyloid fibrils in senile plaque mainly consist of the 40-mer and 42-mer amyloid β-proteins (Aβ40 and Aβ42). Although Aβ42 plays more important role in the pathogenesis of Alzheimer's disease (AD), Aβ40 could be involved in the progression of AD pathology because of its large amount. Recent studies revealed that variable sizes of Aβ oligomers contributed to the neuronal death and cognitive dysfunction.
Introduction
In Alzheimer's disease (AD), amyloid fibrils form senile plaques that mainly consist of 40-and 42-residue amyloid β-proteins (Aβ40 and Aβ42) [1] . Aβ42 is regarded as the leading cause of AD because its aggregative ability and neurotoxicity are more potent than those of Aβ40 [2] . In contrast, Aβ40 could be involved in the progression of AD pathology because of its large amount. Accumulating evidence has shown that the soluble oligomeric assembly of Aβ is more exclusively implicated in neuronal death and cognitive dysfunction than insoluble fibrils and protofibrils [3, 4] . "Aggregation" in this context is defined as the change from Aβ monomers into amyloid fibrils via oligomers and protofibrils. Since Aβ42 only weakly associates with Aβ40 [5, 6] , homogeneous oligomers of Aβ42 or Aβ40 form more easily than the corresponding heterogeneous oligomers. The minimum unit of these oligomers, which have been divided into low molecular-weight oligomers (2~12-mer) and high molecular-weight oligomers (24~100-mer), is considered to be a dimer or trimer (2 or 3 x n-mer) [7] . However, how large oligomeric species of Aβ are responsible for the pathogenesis of AD remains unknown.
Our previous study using solid-state NMR [8] and systematic proline replacement [9] identified a toxic conformer of Aβ42 with a turn structure at Glu22 and Asp23, in which the residues at positions Gln15~Ala21 and Val24~Ile32 took part in the intermolecular parallel β-sheet of Aβ42 aggregates. Moreover, the C-terminal hydrophobic core formed by another turn at Gly38 and Val39 together with the intramolecular β-sheet (Met35~Gly37 and Val40~Ala42) accelerated the aggregation (oligomerization) of Aβ42 [10] . Based on these findings, we proposed a structural model for a toxic dimer of Aβ42 with a turn at Glu22 and Asp23 as shown in Figure 1A . Regarding the aggregates of Aβ40, the most abundant species among Aβ [2] , both Aβ40 and Aβ42 would have the turn structure at positions 22 and 23 together with the intermolecular parallel β-sheet, whereas the C-terminal hydrophobic core is absent in the Aβ40 aggregates because of its lower hydrophobicity based on Wetzel's model [11] .
Practical synthesis of Aβ dimers have thus far been limited to Aβ40 dimers due to the 5 intrinsic potent aggregative ability of Aβ42 dimers during the synthesis and preparation.
For example, Kok et al. [12] reported the synthesis of a dityrosine cross-linked Aβ42 dimer at position 10; however, its biological activity was not tested due to the insufficiently low amounts obtained. Based on the elevated levels of dityrosine-linked Aβ dimers in the brains and blood of AD patients, Kok et al. synthesized two dimer models of Aβ40, in which dityrosine [12] or bifunctional 2,6-diaminopimeric acid (DAP) as "a diastereomeric mixture" [13] was incorporated at position 10 instead of Tyr10. Both models facilitated the production of fibrils in spite of the formation of globular aggregates [12, 13] associated with neurotoxicity of the dityrosine-linked Aβ40 dimer [12] . The dityrosine-linked Aβ40 dimer synthesized by Walsh and co-workers also formed typical amyloid fibrils, even though it impaired long-term potentiation in rats in vivo [14] . The disulfide-linked Aβ40 dimer at Ser26 inhibited long-term potentiation [15, 16] , but did not appear to be physiologically relevant to the pathology of AD.
Since Aβ40 dimers connected adjacent to the intermolecular β-sheet region have not yet been examined, we synthesized a new dimer model of E22P-Aβ40 ( Fig. 1B) with the toxic turn, in which position 30 was linked to L,L-2,6-diaminopimeric acid (L,L-DAP: Fig. 1C ), not to the diastereomeric mixture [13] , in order to investigate the effects of dimerization on its biological activity. Wild-type Aβ40 was negligibly neurotoxic, whereas E22P-Aβ40 was neurotoxic, albeit 10-fold less than wild-type Aβ42 [17] . Ala30 was selected as the linking position because our previous solid-state NMR studies using rotational resonance (R2) revealed that this residue in E22K-Aβ42 aggregates (Italian mutant) was proximal (< 6 Å) [18] .
Material and methods

Synthesis of the E22P-Aβ40 dimer.
L,L-DAP (Fig. 1C ) was synthesized according to the protocol established by Paradisi et al. [19] with slight modifications [20] . L,L-DAP was obtained from 
Thioflavin-T (Th-T) assay.
The aggregative ability of each Aβ was evaluated by thioflavin-T (Th-T; Sigma, St.
Louis, MO, USA) fluorescence assay developed by Naiki and Gejyo [22] . The procedure was described elsewhere [21] . Each Aβ was dissolved in 0.1% NH 4 OH at 250 µM, followed by 10-fold dilution with phosphate buffered saline (PBS: 50 mM sodium phosphate and 100 mM NaCl, pH 7.4) at the final concentration of 25 µM. After incubation at 37 o C for the desired period, 2.5 µL of the reaction solution was added to 250 µL of 5.0 µM Th-T in 5.0 mM Gly-NaOH (pH 8.5), followed by the measurement of fluorescence at 430 nm excitation and 485 nm emission using a microplate reader (Fluoroskan Ascent; Thermo Scientific, Rockford, IL, USA).
Transmission electron microscopy (TEM).
The aggregates of each Aβ were examined under a H-7650 electron microscope (Hitachi, Ibaraki, Japan). The experimental procedure was described elsewhere [21] . After the supernatant was removed from pellets obtained in Th-T assay, resultant aggregates were then suspended in water (20 µL) by gentle vortex mixing, and centrifuged 13,000 rpm for 3 min. These suspensions were applied to a 200 mesh formvar-coated copper grid (Nissin EM, Tokyo, Japan), and allowed to dry in air for 5 min before being negatively stained for 2 min with 2% uranyl acetate, and subsequently subjected to microscope.
Size exclusion chromatography.
Each Aβ solution, as prepared in Th-T assay, was incubated at 37 o C. After the solution was collected temporally and centrifuged at 15,000 rpm at 
MTT assay.
against the toxic conformer of Aβ with turn at positions 22 and 23, reacted with the E22P-Aβ40 dimer (data not shown). We further attempted to synthesize a E22P-Aβ40 dimer doubly cross-linked at positions 17 and 30 using L,L-DAP in order to enhance the stability of the toxic conformation of E22P-Aβ40 dimer, but such an attempt was disappointing (data not shown).
The ability of the E22P-Aβ40 dimer to form fibrils
The aggregative ability of the E22P-Aβ40 dimer with a linker at position 30 was estimated using Th-T, a reagent that fluoresces when bound to Aβ aggregates, and transmission electron microscopy (TEM). As shown in Figure 2A , E22P-Aβ40 aggregated with a lag time of ~8 h and a maximum fluorescence value after being incubated for 24 h. The wild-type Aβ40 did not aggregate after a 24-h incubation under the same conditions, as reported previously [21] . In contrast, the fluorescence of the E22P-Aβ40 dimer remained almost unchanged even after a 336-h incubation (14 days) ( Fig. 2A) .
These results were consistent with TEM results showing that globular aggregates, not fibrils, were predominantly detected in the E22P-Aβ40 dimer (Fig. 2B ). On the other hand, the typical amyloid fibrils together with high molecular-weight oligomeric aggregates were formed in E22P-Aβ40 even after 2 days (Fig. 2B) . These results indicated that the E22P-Aβ40 dimer had the ability to form a soluble assembly and globular oligomers, but not fibrils.
The ability of the E22P-Aβ40 dimer to form oligomers
Oligomerization of the E22P-Aβ40 dimer was analysed further using size exclusion chromatography. As a control reference, Figure 3A showed that the soluble peak corresponding to the monomer of E22P-Aβ40 time-dependently decreased, and almost disappeared after an incubation for 16 h; this result implied that E22P-Aβ40 directly formed insoluble fibrils, as observed in Figure 2B . On the other hand, the E22P-Aβ40 dimer formed stable oligomers of 6~8-mer during incubation for 4~48 hr (Fig. 3B ).
synthesis and characterization of dimer models of "more toxic Aβ42" appear to be more important. Whether high molecular-weight oligomers or low molecular-weight oligomers derived from Aβ42 can contribute to the neurotoxicity will be an attractive issue in the future. Since this study validated optically active L,L-DAP as a useful linker near the intermolecular β-sheet region of Aβ40, this strategy may also be applicable to the synthesis of various Aβ42 dimer models. cross-linked at Ala30 by L,L-DAP, whose structure was based on Wetzel's model [11] .
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(C) L,L-DAP as a molecular linker 
